Introduction
Turner syndrome is a condition in which one of the X chromosomes is partly or completely missing in a female. It is a common chromosomal abnormality affecting 1 in 2,000 live female births [1] . Mosaicism 45, X/47, XXX is a rare form of Turner syndrome, which affects 1.7% of patients with Turner syndrome [2] . Although this chromosomal abnormality may this landmark discovery, various attempts have been made to develop noninvasive prenatal screening approaches for fetal aneuploidies using maternal plasma. Recent developments in massively parallel sequencing technology and bioinformatics techniques make it possible to analyze the fetal fraction from cfDNA in maternal blood. Noninvasive prenatal test (NIPT) using maternal blood has been widely adopted as the first line screening approach for the prenatal diagnosis of fetal aneuploidy in recent years [4] . NIPT is based on various next generation sequencing techniques and presents high sensitivity and specificity in fetal trisomy 21, trisomy 18 and trisomy 13 detection [5] [6] [7] .
Researchers have tried to expand the application of NIPT to the detection of sex chromosome abnormalities (SCAs). However, there are concerns about the accuracy of diagnosing SCAs with NIPT. Recently, a prospective validation study of massively parallel sequencing-based NIPT revealed that the positive predictive value (PPV) for common SCAs was only modest [8] . Lau et al. [9] evaluated the clinical performance of NIPT by reviewing 1982 consecutive cases which included 11 cases that tested positive for SCA. Of those, only 85.7% of NIPT suspected SCA were of fetal origin. In this study, we described the first case of 45, X/47, XXX, which was initially reported as Turner syndrome by whole genome sequencing-based NIPT. The purpose of the study was to clarify and emphasize the limitations of NIPT in screening for SCAs in prenatal test.
This study was approved by the Institutional Review Board of the CHA Gangnam Medical Center (Seoul, Korea).
Case
A 36-year-old woman, gravida 3, para 1 at 10 weeks of gestation was referred to our clinic for genetic counseling. Her first pregnancy, which occurred 16 years ago, was uncomplicated. In 2013, she visited the Fertility Center of CHA Gangnam Medical Center due to secondary infertility. Since 2013, when she was diagnosed with 46, XX, she had undergone in vitro fertilization and experienced two ectopic pregnancies. She received methotrexate treatment and underwent laparoscopic right salpingectomy. The case study pregnancy was a spontaneous pregnancy. Although the fetus was at 9 weeks 6 days of gestation, which is earlier than usual for measuring nuchal translucency, the transvaginal sonography showed increased thickness (6.0 mm) of the nuchal translucency. There was an echogenic lesion on the base of the umbilical cord, which was considered to be a physiologic umbilical hernia ( Fig. 1) . Considering maternal age (>35 years) and unusual sonographic features, the woman underwent chorionic villus sampling. The woman was also referred for NIPT because she wanted to know the result as soon as possible. Chorionic villus sampling was done through the transabdominal approach. Karyotyping was performed according to the standard protocol in the Genetics Laboratory, CHA Gangnam Medical Center. We adopted a whole exome sequencing-based NIPT method, which was developed by Green Cross Genome (Yongin, Korea). The method had not been commercialized yet. Briefly, 10 mL of maternal blood was collected in a Vacutainer tube containing 100 µL of 15% ethylenediaminetetraacetic acid. The collected blood was centrifuged at 1,600 g for 10 minutes. Plasma was centrifuged at 16,000 g for 10 minutes. cfDNA was extracted from plasma samples using the QIAmp Circulating Nucleic Acid Kit (Qiagen Inc., Hilden, Germany) according to the manufacturer's instructions. A cfDNA library was constructed.
We generated approximately 2.6×10 7 single-end reads of 72 base pairs (bp) from the library and aligned them to the Human Reference Genome (hg 19) by using the Maximal Exact Matches algorithm (ver 0.7.5) of the Burrows-Wheeler aligner. Duplicates were marked and removed using Picard (http://broadinstitute. github.io/picard/). Whole genome sequencing was conducted according to Illumina's instructions, using the single-end reads of 76 bp sequencing protocol with the Illumina Nextseq500 platform (Illumina Inc., San Diego, CA, USA). We counted uniquely mapped reads and then calculated G-scores for each chromosome after GC content normalization.
G-ratio = Number of nucleotide aligned target chromosome / Sum of nucleotide aligned specific chromosome 
G-score = (G-ratio sample -G-ratio mean ref ) / G-ratio standard deviation ref
The reference mean and standard deviation of the G ratio was calculated from 101 women carrying euploid female fetuses. For our patient, the NIPT did not reveal increased risks of fetal trisomy 21, trisomy 18, and trisomy 13. The fetus did not have a Y chromosome. The G-score obtained for 101 women with euploid female fetuses was -0.033 (95% confidence interval, -1.877-1.930) for X chromosome. However, the G-score for X chromosomes of our subject was -5.5, which showed a high probability of 45, X (Fig. 2A) . With this result, we expected that the fetus had Turner syndrome. However, conventional karyotyping result confirmed the fetus as a mosaic of 45, XO (mosaic ratio nearly 68%) and 47, XXX (mosaic ratio nearly 32%) (Fig. 2B) . Preterm premature rupture of the membranes occurred at 13 weeks 3 days of gestation and resulted in stillbirth. We confirmed the fetal karyotype to be a mosaicism of 45, X/47, XXX by using conventional cytogenetics with the abortus.
Discussion
Several studies have evaluated the performance of NIPT for chromosomal aneuploidy detection, including SCAs. Bianchi et al. [10] from the MELISSA (MatErnal BLood IS Source to Accurately Diagnose fetal aneuploidy) Study Group performed a prospective blinded study with a total of 2,882 subjects who underwent prenatal diagnostic procedures in the United States. For the diagnosis of monosomy X, the authors reported a sensitivity of 93.8% (15/16) and a specificity of 99.8% (416/417). Mazloom et al. [11] extended the application of NIPT with whole genome sequencing to detect common SCAs such as 47, XXX, 45, X, 47, XXY, and 47, XYY. The authors performed the study in a stepwise manner with a training cohort and a validation cohort. In the training cohort, there were 8 Turner syndrome and 4 triple X syndrome pregnancies. Although the NIPT that they used detected all the SCAs cases in the training cohort, only 17 out of the 21 cases of monosomy X were diagnosed by NIPT in the validation cohort. There was only one case of 47, XXX in the validation set, and it was detected correctly. Chromosome selective sequencing was used to detect SCAs. In another study, 177 stored maternal plasma samples including 49 cases of 45, X, 6 cases of 47, XXX, 1 case of 47, XXY, and 3 cases of 47, XYY, were analyzed [12] . The detection rate of 45, X was 91.5% (43/47). Five out of 6 cases were diagnosed correctly for 47, XXX. With single nucleotide polymorphism (SNP)-based NIPT, SamangoSprouse et al. [13] detected 45, X with a sensitivity of 91.7% and a specificity of 100% for 13 Turner syndrome samples out of 201 total samples. In additions, Pergament et al. [7] tested SNP-based NIPT for fetal aneuploidy and the sensitivity and specificity for monosomy X detection to be 90.0% (9/10) and 99.9% (953/954), respectively.
NIPT is a promising approach for the screening of fetal chromosomal abnormalities. Since it was introduced, more than half a million tests have been conducted in 61 countries [4] . Various approaches, including whole genome sequencing, targeted genome sequencing, and SNP-based sequencing have been adopted to analyze information obtained from cfDNA. Although there are advantages and disadvantages to these approaches, the accuracy and reliability are reported to be comparable among these methods. The detection sensitivity and false positive rate for trisomy 21 and trisomy 18 were reported to exceed 99% and less than 1%, respectively [14] . A similar accuracy has been achieved for trisomy 13 as well. However, the test performance of NIPT for Turner syndrome is not as good as it is for trisomy 21, trisomy 18, and trisomy 13. One of the most important effects of NIPT in the clinical setting is the decreased the fetal risk compared to that for invasive diagnostic procedures. From this point of view, a high PPV is important for a screening test. Although several researchers reported a high sensitivity of NIPT to detect SCAs as discussed above, later clinical trials have demonstrated that the PPV of NIPT is lower (about 50%) than reported in the validation cohort. NeufeldKaiser et al. [15] reported a PPV of 55.6% of PPVs for combined SCAs and trisomy 13 in cases over 2-year period.
There is a misconception that NIPT is diagnostic. Dar et al. [16] reported the laboratory and clinical experiences following 6 months of clinical implementation of SNP-based NIPT. During the study period, the authors encountered more than 30,000 cases and reported a 6.2% (22 cases) rate of termination without karyotype confirmation. However, there are several limitations that cause discordance between NIPT and conventional karyotyping results for the diagnosis of 45, X. The first limitation is maternal or fetal mosaicism. As a woman ages, natural loss of an X chromosome may occur, which results in generation fewer X chromosome fragments [17] . Mosaicism in a fetus with monosomy X can be up to 50% as in case [18] . The G-score of our subject, whose fetus was a mosaic of 45, XO (68%)/47, XXX (32%), as determined by NIPT was lower than that of euploid female fetuses. However, the G-score will be affected by the ratio of mosaicism. If the mosaic ratio were 50:50, the G-score would be similar to that of euploid females, and NIPT might not show positive results for X chromosome abnormalities. The second limitation is maternal chromosomal abnormalities, which confound the accuracy of NIPT for the detection of fetal SCAs. Women with SCAs, for example, 47, XXX cases, are frequently asymptomatic and fertile [19] . Therefore, undiagnosed maternal SCAs might complicate test results. The third limitation is a multiple pregnancy, which may include a vanishing twin [20] . When one fetus dies in utero, cfDNA from the deceased fetus can be released into maternal circulation and, lead to discordant NIPT results. Although SNP-based NIPT has successfully identified cases of vanishing twins, further studies are required to confirm this result.
The development of NIPT is a ground-breaking advance in prenatal aneuploidy screening. NIPT is an accurate and reliable test for the autosomal trisomy screening. However, there are several limitations that need to be assessed for the detection of monosomy X with NIPT based on whole exome sequencing.
Here, we present a case of mosaicism 45, X/47, XXX that was reported as 45, X by NIPT. If a clinician encounters the positive result of NIPT for sex chromosomes, then the possibility of fetal mosaicism should be discussed, and additional diagnostic tests should be considered to confirm the screening result.
